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Abstract 
A post-processing algorithm for CNC machine NC code was developed for altering NC code based on 
measurements from a stand-alone coordinate metrology system that measures the orientation and 
offset of the part and machine coordinate systems (CS). With this post-processing algorithm, the 
ability to machine a monolithic part larger than the working area of a machine in multiple sections 
becomes possible. A series of test parts were machined with a Haas Vertical Milling Machine (VMM) 
and a Leica laser tracker as proof of concept and to determine the errors introduced into the machining 
process by adding the additional metrology system. Monte Carlo simulations confirm that adding the 
stand-alone metrology system increases the magnitude of errors to approximately the accuracy of the 
metrology system itself, about 50 micrometers. The initial set of test parts machined showed errors at a 
factor of 25 larger than expected. It was determined that a component used to determine the machine’s 
spindle location was introducing significant error into the process. The component was replaced and 
new parts machined that showed a significant improvement but still with errors larger than expected. 
Machine squareness errors showed the importance of measuring CS features within the same plane. 
Finally, it was determined that the definition of the part CS is sensitive to how the part is fixtured to 
the machine. Sub-scale machining is a viable process for machining large components with a slight 
increase in feature location error. 
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1 Introduction 
Normal practice in machining of close tolerance components is to utilize a machine tool whose 
working volume is larger than the component being machined. As the size of the component increases, 
larger machines are required, leading to significantly higher costs to acquire, install, and operate the 
machine and reduced flexibility in manufacturing operations.  Sub-scale machining refers to a process 
whereby large components are machined in a sequence of smaller regions by machine tools whose 
work volume is smaller than the part, thus requiring that the part, or machine, be repositioned multiple 
times to complete the operation. Sub-scale machining is of potential value to aircraft, turbine, 
shipbuilding, and large earth moving equipment industries as they stand to reap the most benefit from 
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the advancement of this manufacturing process. These industries manufacture a wide variety of large 
components which require precise tolerances to ensure reliable and efficient operation of the 
assembled systems. 
Challenges of such a process include a.) logistics of managing multiple machine tools, b.) 
providing the machine tools with resources such electricity, air and coolant, c.)operation of relatively 
sensitive metrology equipment in a manufacturing environment which is prone to temperature and 
humidity variations, d.) planning of fiducial locations to ensure no fiducials are in tool paths, damaged 
or removed during machining operations, and e.) the decomposition of the large component into 
sections to allow tool paths to be programed. 
The purpose of this study is to a.) develop methods to quickly and easily determine the relative 
position and orientation of the part and machine CSs following repositioning, b.) develop algorithms 
to automatically post-process the NC part program to reflect the part’s new position and orientation, 
and c.) determine the achievable accuracy when machining components with precise tolerances using 
machines with working areas smaller than the completed part.  
Recent advancements in portable spatial metrology devices including laser trackers, structured 
light, fringe projection, photogrammetry, Lidar, and iGPS allow large scale metrology to be performed 
rapidly and accurately. In this study, a laser tracker is used to rapidly measure the spatial relationship 
between the part and machine CSs following repositioning. Laser trackers measure the spatial 
coordinates of a specially designed target called a spherically mounted retro-reflector, or SMR. An 
SMR consists of a hollow corner-cube retro-reflector mounted inside of a precision steel sphere with 
the apex of the retro-reflector coincident with the sphere center. SMRs are normally attached to 
objects using specially designed SMR nests that magnetically hold the sphere in a 3-point kinematic 
mount to ensure repeatable positioning. 
A series of parts were machined to determine the basic tolerance holding capability of the machine 
tool used for the study, and the additional error induced by adding the laser tracker to the 
manufacturing process. As a final test, a set of parts larger than the working area of the machine were 
made to determine tolerances the process is capable of achieving and demonstrate the project 
objectives could be met. 
The first phase of the project encompasses proof of concept with two dimensional parts. After the 
completion of the first phase, an analysis of the process was performed to find areas where 
improvements can be made. The second and final phase of the project will be extending the sub-scale 
machining process into three dimensional parts with multi-side machining.  
2 Background 
Sub-scale machining and the use of reference features on parts for purposes of alignment and 
registration have been used in the past. The semi-conductor industry uses fiducial markers for accurate 
placement of components on circuit boards and the map making industry uses fiducials to stitch 
together maps (Anon., n.d.), (Karabork, et al., 2004). Woody experimented with a Fiducial Calibration 
System (FCS) to improve the accuracy of large scale, monolithic parts. The FCS consisted of fiducials 
that were fixed to the part in a controlled metrology environment then detected by sensors on machine 
tool. The machine tool located fiducials in the region of features to be machined and used their pre-
known locations to adjust offsets in the machine CS and thermal variation to increase accuracy over 
large distances and in environments with poor temperature control. The FCS achieved more accurate 
part features (Woody, 2005). 
Sub-scale machining uses a somewhat similar approach to the FCS but focuses on parts that are 
physically larger than the workspace of the machine tool being used. Fiducial markers in the form of 
SMR nests are mounted on the part and remain on the part throughout the machining process. This 
allows the part to be un-fixtured, moved, re-fixtured, and relocated using the laser tracker. 
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In this study a laser tracker is used to measure the axes and origin of the machine and part CSs 
relative to the tracker’s internal CS.  This information is used to create a Homogeneous 
Transformation Matrix (HTM) that relates the part and machine CSs. HTMs have been used to relate 
machine tool CSs for the purpose of error correction (Donmez, et al., 1986). Using this HTM, points 
in the NC code that are expressed relative to the part CS can be transformed into the machine CS, 
generating a part with the correct form despite arbitrary position and orientation relative to the 
machine CS. 
 
 
Figure 1: Typical setup of laser tracker, machine and part CS. 
3 Building Transformation Matrices 
The laser tracker measures the location and orientation of both the part and the machine CSs 
relative its own internal CS. The part is then related to the machine through the laser tracker’s CS. To 
establish the machine’s CS, a SMR is attached to the machine’s XY table. A series of points are 
measured as the table is moved in the X axis then in the Y axis only, and lines are fit to these points 
using a least-squares (LSQ) algorithm. The X line is considered the machine X axis. The best fit line 
to the Y motion is not perfectly perpendicular to the X line due to imperfections in the machine’s 
construction, and is therefore use to define the XY plane. The cross product of unit vectors along the X 
and Y lines is computed to define the machine’s Z axis, and a cross product of the Z & X axis unit 
vectors define the machine Y axis, creating an orthogonal right handed CS. A fixture inserted into the 
machines spindle allows a SMR to be rotated while the laser tracker collects a series of points. A LSQ 
circle is fit to the points and the center of the circle is defined as the machine’s CS origin. 
The definition of the part CS is similar. At least three (3) fiducial marker must be located on the 
part to define its CS. The X axis of the part is defined as the vector between fiducial locations 1 & 2. 
The part’s Z axis is defined as the normal vector to the best-fit plane of all the fiducial locations. If 
possible, more than three (3) fiducial locations are used to define the plane to reduce errors in the 
definition of the part’s Z axis. Finally, the part’s Y axis is defined as the cross of the Z & X axes to 
define an orthogonal right handed CS, and the location of fiducial one (1) defines the part CS origin. 
With the definition of the part and machine CSs in terms of the laser tracker’s CS, unit vectors 
along the axes and CS origins are used to build two HTMs. Finally, the two transformation matrices 
Subscale Machining of Large Components Paul Anderson and John Ziegert
569
  
can be multiplied to obtain the transformation matrix from the part to machine, Equation 1. Points in 
the part CS are then multiplied by the part to machine transformation matrix to determine the location 
of a point in the machine’s CS, Equation 2 (Craig, 1986). 
 
ܶ௣௔௥௧௠௔௖௛௜௡௘ ൌ ൣ ܶ௠௔௖௛௜௡௘௧௥௔௖௞௘௥ ൧
ିଵ ൈ  ܶ௣௔௥௧௧௥௔௖௞௘௥        (1) 
 
The point’s coordinates in the machine’s CS replace the points in the original part NC files, a new 
NC file is generated using the MATLAB post-processing algorithm and the new NC file is used to 
machine the part in its orientation. 
ሬܲԦ ൌ ܶ௣௔௥௧௠௔௖௛௜௡௘ ൈ ሬܲԦ௣௔௥௧௠௔௖௛௜௡௘      (2) 
4 Matlab Post-processing Algorithm 
For the experimental setup, a Leica Absolute laser tracker was used as the stand alone metrology 
system. The laser trackers are operated through a software interface called Spatial Analyzer (SA). To 
make the laser tracker points collected useful, the Cartesian coordinates of the points collected in the 
laser tracker’s CS using SA were exported as text files. The text files are then read by a Matlab script 
which builds the HTMs and calculates the HTM to transform a point from the part CS into the 
machine CS. 
The nominal NC code for the part has all axis moves described in part coordinates.  A Matlab 
script imports the NC code, reads the NC code rows in ascending order and in each row the columns 
from left to right, and identifies linear and circular move commands. The Matlab script looks for and 
remembers modal commands such as G90 and G91, absolute and relative distance modes, understands 
that coordinates read in the NC code after a modal command are with respect to that mode until 
another modal command is read. The script extracts the motion values in the axis directions and 
transforms them into machine coordinates using the HTM and depending on the mode of the 
command, i.e. absolute vs. relative. After transforming all of the coordinate information, a new NC 
file is saved in the directory. 
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Figure 2: Matlab script flow diagram for post-processing algorithm. 
 
Figure 3: Original and altered NC code sample showing the part origin (-7,-5) in machine CS and the 
orientation rotated at 45 degrees CCW. 
5 Experimental Procedure 
A series of parts were machined in order to quantify the tolerance holding capability of the sub-
scale machining process. The series of parts began with a traditional machining setup where the part 
and machine axes are aligned manually. Each step incorporated a small step towards the completed 
sub-scale machining process. The final part series was a set of parts machined using the post 
processing algorithm that were larger than the machine’s working area to show proof of concept. 
Figure 5 shows the design of the parts. 
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5.1 Part Series 1 (PS1) 
PS1 consisted of five (5) parts and was machined traditionally where the part and machine axes 
were aligned and the part was machined in one fixturing. The errors of features in PS1 describe the 
capabilities of the Haas VMM and was used as a baseline for determining whether or not adding the 
laser tracker to the machining process increased the magnitude of errors in the part feature locations. 
5.2 Part Series 2 (PS2) 
PS2 consisted of ten (10) parts and was the first set of parts to incorporate the laser tracker into the 
machining process. PS2 was machined in one fixturing but was arbitrarily placed within the machine’s 
working area. Fiducials placed on the part allowed the laser tracker to measure its orientation and the 
post-processing algorithm was used to alter the NC code to account for the misalignment of the part 
and machine axes. No increase of errors of part features is expected in PS2 due to the entire part being 
machined in one fixturing. 
5.3 Part Series 3 (PS3) 
PS3 consisted of five (5) parts and was the first set of parts to be machined in multiple fixturings. 
The same geometry and features were used as PS1 & PS2 but the part was split approximately in half 
and each half machined in separate fixturings. The process of machining PS3 included arbitrarily 
fixturing the part and measuring its orientation. Then, the post-processing algorithm was used to alter 
the NC code and the first half was machined. Next, the part was un-fixtured and re-fixtured in a new, 
arbitrary location. The part’s orientation was measured again, the post-processing algorithm was used 
to alter the NC code and the second half was machined. An increase in errors of part features in 
expected in PS3 since the part is machined in two separate fixturings. 
5.4 Part Series 4 (PS4) 
PS4 consisted of four (4) parts and was the first set of parts to be machined that was not capable of 
fitting within the machine’s working area. Similar to PS3, PS4 was machined in multiple sections but 
this time the part was split into three (3) sections instead of two (2). PS4 was the proof of concept that 
sub-scale machining is possible. An increase in errors of part features in expected in PS4 since the part 
is machined in three (3) separate fixturings, similar to PS3. 
6 Results  
6.1 Repeatability of Part Origin in Machine Coordinate System 
The first step in determining the capability of the sub-scale machining process was to determine 
the ability of the process to calculate the part CS origin in the machine’s CS. A repeatability test was 
performed where the magnitude of the distance from the machine to the laser tracker stayed 
approximately the same while the orientation of the laser tracker varied. The results in Figure 4 show 
the range of values for the X and Y coordinates varying within the uncertainty limits, ±17 μm and 25 
μm respectively (k=2), as determined by a Monte Carlo simulation of the measurement process. 
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Figure 4: Part origin in machine CS repeatability results. 
6.2 Machining Errors for each Part Series 
All part series were measured using a Zeiss tactile CMM to determine the error in the location of 
the part’s features. One corner of each part was used to create the part datum, and all features were 
measured relative to those datum surfaces. CMM errors are considered insignificant as the errors being 
analyzed are larger than the expected measurement uncertainty of the CMM (Wilhelm, et al., n.d.). 
 
 
Figure 5: Schematic showing parts used to determine feature errors. The left diagram was the part 
used for PS4 and the right diagram was the part used for PS1, PS2, & PS3. 
PS1 was machined using standard machining practices with no laser tracker involvement. 
Therefore, PS1 sets the baseline for the capability of the Haas VMM that is used throughout this 
project. Figure 6 shows the true position errors for the pockets of PS1 and PS2 based on CMM 
measurements of the finished part. A maximum true position error of approximately 100 micrometers 
for PS1 describes the approximate capability of the Haas VMM. This value is likely an over-estimate 
as the proper tooling and machining parameters were still being altered during this series to determine 
the best combination.  PS2’s errors are on the same order of magnitude with the exception of one part 
which is considered an outlier. This shows that the laser tracker does not introduce additional error 
into the process if the part is machined in one fixturing.  
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Figure 6: PS1 (left) and PS2 (right) pocket true position error. 
PS3 was the first set of parts machined in multiple fixturings. The NC code was split into two 
programs, one for the right and one for the left portion of the part as defined by the blue line in Figure 
5. The right portion of the part was milled first and also creates the datum surfaces used to define the 
part’s CS when measured on the CMM. Since pockets C2 & C3 were machined in the same fixturing 
as the features used to define the part’s CS on the CMM, only the Haas machine’s errors should 
contribute to their positioning errors. The errors from “re-finding” the part’s orientation after the 
second fixturing will show up in pocket C3. Pockets C1 & C2 show a true position error 
approximately equal to the pockets on PS1 & PS2, as expected. Pocket C3 shows a significant 
increase in true position error that is much larger than expected based on the manufacturer’s estimates 
of the laser tracker accuracy, Figure 7. A variability analysis of the process including a Monte Carlo 
simulation of the CS registration process with input distribution equal to the approximate MPE of the 
laser tracker (NIST, 2008) was performed and led to a predicted mean true position error of 100 μm, 
approximately 15 times less than observed. 
PS4 was the second set of parts to be machined in multiple fixturings, three (3). Similar to PS3, the 
portion of the part machined in the first section shows errors from the machine and the portions of the 
part milled after will show errors from “re-finding” the part’s orientation. Figure 7 shows the true 
position errors for the pockets for PS4. Pockets C4 & C5 were milled in the same portion of the part as 
the features that were used to define the origin on the CMM, showing a true position error 
approximately equal those associated with the machine tool. Pockets C6, C7, C8, & C9 show an 
increase of 4 times in true position error from “re-finding” the part in the second and third fixturings. 
The data in Figure 7 is from parts machined after replacing the error prone spindle measurement 
fixture mentioned in 6.3. The new fixturing decreased the pocket true position error by approximately 
a third.  
 
Figure 7: PS3 (left) & PS4 (right) pocket true position error. 
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6.3 Causes of Error 
The large errors seen in the pockets machined after re-fixturing prompted a search for their source. 
It was determined that the mount to hold the SMR used to measure the machine’s spindle locations 
had approximately 380 micrometers of run-out error. To replace the faulty mount, a new mount that 
intentionally offset the SMR from the spindle by approximately 250 millimeters was built. With the 
new setup, the SMR is rotated slowly by the spindle while the laser tracker collects points of the 
trajectory of the SMR.  A LSQ circle was fit to these points, and the center of this circle was used as 
the location of the machine’s spindle. 
 
Figure 8: Original SMR mount with error for determining spindle location (left) and new SMR mount 
for determining spindle location with LSQ circle fit function (right). 
A repeatability test was performed to determine the variability of this method. The range of the X 
coordinates was approximately 16 micrometers and the range of the Y coordinates was approximately 
18 micrometers; about a 20X improvement over the previous method for determining spindle location. 
 
Figure 9: Results from new SMR mount for determining spindle location. 
After replacing the fixture for finding spindle location, part feature errors were still approximately 
four (4) times larger than expected. In order to determine other possible sources of error, several 
checks have been made. It was determined that the Haas VMM used to produce the test parts had an 
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X-Z axis squareness error of approximately 70 arc seconds. Previous measurements of the machine 
spindle were taken with the machine’s Z axis in the upper limits of the range for convenience. It was 
determined that all measurements of the machine and part CS be taken as close to the same plane as 
possible to avoid any effects from machine squareness errors. 
To avoid the timely process of re-machining PS4 to determine the error in the process, SMR nests 
were attached to one of the parts from PS4 and the location of the part features in the part CS were 
measured on the Zeiss tactile CMM, creating an artifact. Precision spheres simulated the SMRs while 
being measured on the Zeiss to allow proper measurement of the fiducial and part feature locations. 
The part features were related to the part CS as described earlier in Chapter 3. This allowed the 
pockets to be found in the machine CS and circular run-out (CR) as measured by a dial indicator was 
used as the metric to determine positioning accuracy. 
The material used for PS4 released residual stresses when machined which caused an undesired 
flatness deviation of approximately 400 μm. The flatness of the material affects the definition of the 
part CS. It has been determined that if Section 1 isn’t properly fixtured, the definition of the part CS 
becomes flawed causing a significant error in the definition of the feature location when transformed 
into the machine CS. To confirm, the part artifact was fixtured to a machine tool where the entire part 
fit within the machine’s working area and the part pulled “flat” to the machine’s table. When finding 
the part features in the machine CS, a maximum of 125 μm of CR was measured. On the same 
machine, without Section 1 properly fixtured, CR values of up to 400 μm were measured, Table 1. 
 
Table 1: Pocket CR with and without having Section 1 of the large part properly fixtured. 
 
7 Conclusion and Future Work 
A series of test parts were machined using a Haas VMM and Leica laser tracker to produce 
finished parts with dimensions larger than the machine working area. Methodologies for registering 
the part relative to the machine CS using a laser tracker were developed. Algorithms for automatic 
post-processing of the NC program to reflect the new part position in the machine’s workspace were 
created. It is expected that results will show that sub-scale machining using a portable metrology 
system is a viable method of producing parts, but will cause a slight worsening in the tolerances that 
can be achieved. Dimensional errors in feature locations were measured to determine the tolerance 
holding capability of sub-scale machining. Larger than expected errors have been traced to a faulty 
fixture in determining spindle location. New parts with improved fixturing were produced but still 
showed errors a factor of four (4) larger than expected. Machine squareness errors showed the 
importance of measuring all CS features within the same plane. Finally, it was determined that the 
definition of the part CS is sensitive to how the part is fixtured to the machine. Fixturing technique can 
cause significant feature location errors.  
All work done up until now uses sub-scale machining to create essentially two (2) dimensional 
components. Using the sub-scale machining process as a means to produce components with 
multisided features is desired and will be assessed. 
C4 C5 C6 C7 C8 C9
Sec 1 not 
fixtured 
CR [mm]
0.178 0.152 0.305 0.279 0.381 0.356
Sec 1 
fixtured 
CR [mm]
0.051 0.025 0.051 0.076 0.127 0.127
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